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Abstract— One of the major concern striking the 21st century is 
the development of Sustainable Development (SD) whilst rising 
mankind welfare. Contemporary technology generally has 
controverting impacts over the concept of SD, as portrayed 
through the present power supply system. Low-priced, easily- 
available electrical energy is very important to various 
contemporary society ‘s most significant technologies and SD 
advances. Meanwhile, the immense mainstream of the global’ s 
electrical energy is produced by means of fossil fuels, which 
caused stern ecological burdens. Thus, any shift towards a 
sustainable, thriving future will necessitate resources of 
electrical energy, which can offer the benefits of current ‘s 
power production system whilst diminishing its harmful 
impacts. To achieve growing power supplies with negligible 
ecological effect, shift to the present electricity production 
practices are needed to take in augmented power efficiency as of 
fossil fuel burning technologies by introducing renewable 
energy sources into the market. However, fossil fuels electricity 
generating resources provide high reliability and low-priced. 
Therefore, cautious assessment of the sustainability regarding 
each technology is required to manage upcoming investment 
and policy. In this paper, we assessed the sustainability of 10 
power production, including coal, gas, nuclear, wind, biomass, 
geothermal, solar thermal, solar Photovoltaic (PV), hydro, 
wave, on basis of 11 sustainability indicators, including initial 
investment cost, Levelised Cost of Electricity (LCOE), load 
factor, Global Warming Potential (GWP), Abiotic Depletion 
Potential (ADP), Acidification Potential (AD), Eutrophication 
potential (EP), Freshwater Aquatic Ecotoxicity Potential 
(FAETP), Human Toxicity Potential (HTP), Marine Aquatic 
Ecotoxicity Potential (MAETP), Terrestrial Ecotoxicity 
Potential (TETP). It should be noted that this assessment is 
conducted in the context of the South African electricity sector 
context. Additionally, is the first of its kind and aims to provide 
decision-makers a comprehensive outlook to navigate 
environmental and economic analysis. 
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ssutainability indicators, life cycle approach, energy sector. 
 
I. INTRODUCTION 
One of the major concern striking the 21st century is the 
development of Sustainable Development (SD) whilst rising 
mankind welfare. Contemporary technology generally has 
controverting impacts over the concept of SD, as portrayed 
through the present power supply system. Low-priced, easily-
available electrical energy is very important to various 
contemporary society ‘s most significant technologies and 
SD advances. Meanwhile, the immense mainstream of the 
 
global’s electrical energy is produced by means of fossil 
fuels, which caused stern ecological burdens. Thus, any shift 
towards a sustainable, thriving future will necessitate 
resources of electrical energy, which can offer the benefits of 
current ‘s power production system whilst diminishing its 
harmful impacts. One possible solution to this situation is the 
extensive assessment of the three sustainability pillars 
(economic, environmental, and social) associated with 
electricity generating technologies. This will assist all 
stakeholders involved in decision making process to invest in 
technologies, which will make significant contribution to SD. 
Increasing the demand for power reinforces the necessity for 
reducing effects from electrical energy production per unit 
generated. Worldwide electrical energy generation grew at an 
annual average of 3.5% from 2003 to 2013 [2, 3, 5, 36] 
forecasts have demonstrated that, in the present coal reliance 
is not lowered, coal-based power plants within emerging 
nations alone will generate more greenhouse gas emissions 
than the whole OECD energy sector in the year 2030 [4, 6, 9, 
36]. The effects of emerging countries working in achieving 
improved lifestyles, driving by inhabitants’ increase can 
further upsurge the electrical energy usage rates. 
 
To achieve growing power supplies with negligible 
ecological effect, shift to the present electricity production 
practices are needed to take in augmented power efficiency 
as of fossil fuel burning technologies by introducing 
renewable energy sources into the market. However, fossil 
fuels electricity generating resources provide high reliability 
and low-priced. Therefore, cautious assessment of the 
sustainability regarding each technology is required to 
manage upcoming investment and policy. In this paper, we 
assessed the sustainability of 10 power production, including 
coal, gas, nuclear, wind, biomass, geothermal, solar thermal, 
solar Photovoltaic (PV), hydro, wave, on basis of 11 
sustainability indicators, including initial investment cost, 
Levelised Cost of Electricity (LCOE), load factor, Global 
Warming Potential (GWP), Abiotic Depletion Potential 
(ADP), Acidification Potential (AD), Eutrophication 
potential (EP), Freshwater Aquatic Ecotoxicity Potential 
(FAETP), Human Toxicity Potential (HTP), Marine Aquatic 
Ecotoxicity Potential (MAETP), Terrestrial Ecotoxicity 
Potential (TETP). It should be noted that this assessment is 
conducted in the context of the South African electricity 
sector context. 
II. SUSTAINABILITY 
As with sustainable development, the concept of 
sustainability was also developed through the idea that every 
mankind activity has got consequence over environmental, 
economic and social aspects. [6, 7, 11, 16, 18] describes the 
evolution towards this knowledge, as of solely economic 
aspect, to the combination of all three. The necessity for 
evaluating mankind development from this context was 
promoted by the realise of the United Nations, Bruntland 
Report [5, 9, 13, 19, 24]. This report revealed various 
endeavours to describe sustainability. These descriptions are 
generally highlighted by whether the stakeholders consider a 
sustainable society, as a society that must use something, 
which may not be replaced, or must use as much as it needs 
to guarantee survival for a long-term. 
 
The viewpoint of these sustainability descriptions is often 
complex (e.g., see the summary provided by [11, 14, 15, 19, 
34]. As result, there is yet no largely acknowledged 
description of sustainability. The simple, appropriate 
explanation employed for this assessment is: to surge 
sustainability idea, which is solely based on reducing 
negative effects on the economy, environment and society, 
whilst enhancing the positive effects. Hence, determining the 
effects and cataloguing them positive and negative, can offers 
a primary measure of sustainability. Any change that can 
cause the diminution of negative effects can enhance 
sustainability. The effects produced by different systems are 
well-known, emerging in journals of economic, 
environmental or social performance. For instance, the 
indicators that will be covered latter in this study were 
amassed through a critical review of different research 
journals and reporting on various forms of electricity 
generation. Sets of indicators are often employed to 
enumerate sustainability effects. Sets of indicators are 
stretchy, enabling indicators to be added (or removed) must 
the present set demonstrate insufficient. Standard sets of 
indicators for industrial systems are available [25, 26, 28]. 
Nevertheless, these sets have not been broadly 
acknowledged. 
 
Conventionally, assessment of environmental effects has 
been restrained through physical limitations and time 
horizons. In the case of electrical energy production, the 
analysis of environmental effect has usually been narrowed 
to the power production station during its operating lifespan. 
Fundamental in the context of this method has been the 
hypothesis that the consumers of electrical energy are liable 
to negative effects created by the power production plant, or 
of any effect generated from the power generating plant 
linked to fuel extraction, transport, or in the transmission and 
distribution of electrical energy to the end-users. From the 
time perspective, environmental concerns emerged during the 
construction, commissioning, decommissioning and 
demolition of electricity generating plant have generally been 
overlooked. The concern regarding the effects impacts from 
these extensive space and time limits is a crucial component 
of the life cycle perspective. 
 
Within simple words the meaning of sustainability is 
something lasting over time. Sustainability is generally 
associated with durability. However, durability is not 
described as any change occurring over time. From economic 
and environmental perspective, sustainability associated with 
its resilience, the capacity to accommodate to change, in 
addition to its dynamism and level of organisation [3, 4, 5, 
12]. It is generally believed that larger variety within 
environmental and economic aspects makes them more 
flexible to tremors and tensions [23, 26, 27, 29]. For 
development to be sustainable, it should ameliorate the status 
of the environmental, economic, and social aspects and their 
capacity to accommodate to change. Thus, policies should be 
designed to address concurrently the objectives of social 
fairness and environmental resilience”. Likewise, in the 
context of economic aspect, larger flexibility to external 
tremors and surprises is vital for sustainability. 
 
III. SUSTAINABILITY INDICATORS 
A. Capital cost 
 
Capital cost is an important key for calculating LCOE of a 
power plant, and it is generally based on the Plant costs (that 
are described as the costs set up to build a power plant). 
Generally, for such analysis, the idea of overnight costs is 
considered, which has been defined by [32, 35, 36, 38], and 
as the costs that are incurred for the construction of a power 
plant immediately, and it does not take into account any 
assumptions upon interest expenses that happen during the 
construction period. Often, such data is designed on the basis 
of currency per unit of capacity, as all costs must be levelized 
over a unit of electricity produce, e.g. in ZAR/MWh. 
According to [35, 36, 38] plant costs should be divided by the 
amount of electricity produce within a year. This is given by 
the 8760, that is the number of hours in one year, which are 
multiplied by the total size of the plant and the capacity factor 
of the plant stating the percentage of the time the power plant 
produces electricity. For example, a power plant that has a 
rated capacity of 4 800 MW, when operating with an 85% 
capacity factor, generates 35 740 800 MWh per year. It is 
important to notice that no power plant can operate at 
capacity factor of 100%. Since regular maintenance should be 
done and over time some components will be replaced, and 
the maintenance process will require the plant to stop. 
 
B. Levelised Cost of Electricity (LCOE) 
 
The LCOE approach is an important tool for an economic 
assessment of various electricity generation technologies and 
it is the most consulted method in electricity sector when 
investment and planning decisions are to be made [38]. 
Furthermore, it represents the most transparent approach 
being used for power planning and policy development [35]. 
The reason for this being the most 
used methodology is because it allows cost comparison of 
several forms of electricity generation, which differ from 
physical principles, fuel types, and their lifespan [38]. When 
calculating the LCOE of a power plant, all discounted direct 
plant costs over the lifespan of the plant are divided by the 
discounted sum of the electricity that it would produce over 
its lifespan [38]. In the context of financial, LCOE may also 
be defined as the constant level of inflows important per year 
in order to recover all outflows over the lifespan of a power 
plant [38]. In the standard method, these outflows involve 
capital costs, Operation & Maintenance costs (O&M), and 
fuel costs. In the end, the calculation enables a cost 
comparison among various alternatives over a constant unit 
cost basis; in this study ZAR/MWh has been used. 
 
C. Load factor 
The electricity producing capacity implies the rated 
capacity of an electricity production unit. Nevertheless, in 
many instances an electricity production plant does not 
generate power at its rated capacity uninterruptedly [32, 36]. 
The load factor is defined as a figure that considers this 
inconsistency among rated capacity and actual productivity. 
The load factor of an electrical energy plant is the rate of the 
real power production of the station per annum comparing to 
the quantity of electrical energy it is expected to generate in 
case it operates uninterruptedly in accordance with its rated 
capacity over a period of one year (generally presented as a 
percentage). Thus, for instance, an 800 MW electricity 
production station, which operates uninterruptedly over one 
year, however, at 650 MW, its load factor will be of 81.25%. 
Likewise, a wind turbine power plant operating for only 8 
hours each day, 365 days a year will have a load factor of 
about 33.33%. it should be noted that due to some unexpected 
event no electricity production station able to run with a load 
factor of 100%. 
 
Additionally, the majority of fossil fuel-based power plants 
as well as nuclear technology is restricted by just the 
unexpected event such as maintenance, failure of a 
component, and so on. Before, these disruptions to service 
they can run unremittingly. On the other hand, most of 
renewable energy plants, depend on alternating electrical 
energy resources. Considering this, there is a built-in 
boundary to the load factor. Thus, this should be considered 
if one would like to assess initial investment costs of various 
forms of electricity producing sources. 
 
D. Greenhouse Gases emissions 
 
[16, 19, 21, 22, 33] reported that in 2013 the output of 
worldwide’s electrical energy and amounted to more than 32 
billion tons of carbon dioxide (CO2) equal to atmosphere, or 
26% of the overall CO2 emissions through financial sector in 
2010. This is a growth of nearly 55.4% since 1990. 
Renewable energy sources are generally viewed as an 
alternative for mitigating the current global warming issues. 
Nevertheless, not all renewable energy generating source is 
greenhouse gas-free. For example, some studies argue that 
wind turbines and photovoltaic cells do not generate carbon 
dioxide during their operations, however during their 
construction, installation and recycling process some amount 
of CO2, carbon oxide, Sulphur dioxide, nitrogen dioxide, 
Non-methane volatile organic compounds emissions are 
emitted in the atmosphere. This goes the same with the dams 
of hydropower technology, which generate some of GHG 
emissions during their construction as well as operation 
mostly due to the degeneration of organic material in the dam. 
Most of this takes place within anoxic areas inside the dam, 
leading to the development of anaerobic methane during 
degeneration process. 
 
IV. RESULTS 
in this section, we are going to present the results based on 
the secondary data collected from previous works. It should 
be noted the reliability and validity of the data were 
thoroughly checked. 
 
A. Load factor 
 
 
 
Figure 1. Load factor of different power plants [32, 35, 36] 
 
It can clearly be noticed from the figure 1 above that nuclear 
technology has the uppermost load factor of all power plants 
technologies within a consistent service at about 90%. This is 
somewhat an image of financial side because nuclear 
technology run most economically when operating 
uninterruptedly. By comparing the load factor of coal power 
production stations is approximately 85%. Whereas the one 
of gas combined cycle is 70%. Actually, these numbers might 
be positive; the normal load factor for United states coal 
power plants is 85%. In the meantime, OCGT has an average 
load factor of about 10%, displaying their deployment for 
peaking afore base load service. Of the RES, only geothermal 
has the potential to enter in competition with the thermal 
power technologies in relation to load factor, with an average 
figure of approximately 90%. The load factor of a biomass 
plant at 85% is comparable to the 
one of a coal power plant that is to be anticipated because 
they employ widely the same category of technology. 
Furthermore, hydro-power plant emerges with a load of 
factor of about 50%. This is a consequence of the changes 
concerning water streams from one season to another, 
including the susceptibility of hydro-power to very low water 
circumstances throughout droughts. 
 
Alternatively, wind turbine is probably the most sporadic of 
the RES with continuous short-run variations in productivity 
as the strength of wind strength varies depending upon the 
season. Consequently, the load factor for a new onshore wind 
plant is expected to be approximately 55 % and concerning 
an offshore plant is around 45%. These facts are larger than 
the majority of wind farms met nowadays, despite certain 
could match this level. A CSP plant may be anticipated to 
attain a load factor of around (parabolic trough:54; central 
receiver: 70). Whereas the average load factor of a solar PV 
is estimated at (thin film: 25%; C-si 
:20%) To sum up, the load factor of a power plant has a strong 
influence on the financial side of its operation. A power plant, 
which may operate uninterruptedly can generate more 
electricity over the course of one year and it can offer it with 
more consistently. Wind turbines and wave power plants that 
depend on an intrinsically alternating and changeable source 
of electricity all of them generate a smaller amount of 
electricity during a year for every unit of rated capacity and 
generate it less constantly. Nevertheless, load factor alone 
does not tell the full story and the figure of such erratic 
resources of electricity is generally better demonstrated by a 
number called the capacity credit of the plant. 
B. Capital cost 
 
Figure 2. Capital costs of power plants [32, 35, 37] 
From the findings in the figure 2 above, off conventional 
technologies we notice that gas power plant is the least cost 
alternative to build. In contrary, nuclear plant is expensive to 
build. The reason of gas power plant being the cheapest 
option among thermal power plants, is because of gas 
technology does not require huge space of land, and its 
components are brought to site ready-built. Therefore, it is 
fast and less expensive to build. Hence, merely based on 
capital investment cost, gas technology is a best alternative. 
The figure also shows that renewable energy plants are 
costlier to build. The reason may be the extent to which the 
unit should be imported. For example, CSP and Solar PV are 
specialized high technology machines, which are not 
manufactured by many firms across the world. That is why, 
electricity utility industries within many countries across the 
world purchase the equipment from abroad. This process 
necessitates the availability of foreign currency with which to 
pay for the transaction and this affects the total cost. 
 
C. Levelised cost of electricity 
 
Figure 3. Levelised cost of electricity [32, 35, 36, 37] 
 
It can also be depicted from the figure 3 above that 
electricity generating costs depends on the technology, and is 
mostly influenced by the capital investment costs. For 
example, off all technologies, fossil fuels sources, a coal 
supercritical power plant will generate electricity is 
significantly cheaper than either gas or nuclear. This is 
because of the abundant availability of coal across the world. 
 
 
 
 
 
 
 
D. Global Warming Potential 
  
 
Figure 4. Global Warming Potential [4, 6, 7, 8, 9, 10] 
 
The figure 4 above shows that coal-fired power plant 
ranks at the first position in terms of GWP that goes from 850 
to 1300 g CO2-eq./kWh, in the second position is both oil and 
gas power plants with an estimated GWP ranging from 500 - 
1200, and 400 - 1000g CO2-eq./kWh, respectively. Of all 
three alternatives, this is largely because of the burning of 
fuels. Whereas of renewable energy technologies, the first 
position is occupied by biomass and solar thermal power with 
an estimated amount of GWP going from 17-388 and 10-
345g CO2-eq./kWh, respectively. In the context of biomass, 
the majority of GWP emissions are emitted while the fuel is 
being produced and conveyed; whereas about solar thermal, 
they are mostly because of hybrid systems integrated with 
natural gas. In contrast, Hydro-power, ocean energy, nuclear 
and wind power plants do not emit GWP as much as fossil 
fuel based power plants and biomass energy source. 
 
E. Abiotic Depletion Potential 
 
Figure 5. Abiotic Depletion Potential [12, 14, 16, 17, 20] 
 
Regarding ADP emitted by coal-fired power plant is 
evaluated at 5-10g Sb-eq./kWh, whilst for both oil and gas 
based power plants are estimated at 3-8 g Sb-eq./kWh, 
respectively. In addition, coal and gas with CCS generate 
important amount of ADP going from 3-6g Sb-eq./kWh. The 
results also showed that of renewable energy sources, 
biomass and solar thermal generate a significant figure of 
ADP, which range from 0.1-1.1 and 0.1-1.2, correspondingly. 
Electricity generating sources such as hydropower, wave, 
solar PV, wind and nuclear emit ADP estimated between 
0.02-0.8 Sbeq./kWh. 
 
F. Acidification Potential 
 
 
 
Figure 6. Acidification Potential [22, 24, 25, 27] 
 
Considering the acidification issue, oil and coal-fired power 
plants produce the highest AP of all electrical energy 
generating sources, estimated from 2-17 and 0.7-11, 
respectively. The reason is due to their superior fuel Sulphur 
content. The AP emitted by coal with CCS goes from 0.8- 
1.5g SO2-eq./kWh owing to improved ecological 
performance of innovative models incorporating CCS such as 
supercritical or IGCC than the traditional plants. In the 
context of gas power plant, the AP is evaluated at 0.35-1.42g 
SO2-eq./kWh and gas with CCS from 0.3-0.5 g SO2- 
eq./kWh. Lastly, the amount of AP generated by biomass, 
geothermal, solar PV and solar thermal power are also 
important, they go from 0.2-0.8, 0.2-0.7, 0.3-0.6 and 0.1-0.6 
g SO2-eq./kWh, correspondingly. 
 
G. Eutrophication potential 
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Figure 7. Eutrophication Potential [6, 7, 11, 16, 18] 
 
In the context of EP, the reviewed results show that oil based 
power plant rank at the first position with the amount of EP 
emitted evaluated at 0.4-1.1g PO4-eq./kWh owing to 
significant Sulphur dioxide and nitrogen oxide emissions 
yielding throughout the burning of oil process, following by 
coal-fired power plant and biomass estimated at 0.1-0.6 and 
0.07-0.6 g PO4-eq.kWh, correspondingly. In addition, EP 
releasing into the environment by coal incorporating CCS 
goes from 0.1-0.24g PO4-eq. kWh. Whilst the EP generated 
by gas power plant is between 0.05-0.22g PO4- eq./kWh 
largely because of the burning process of fuel, and gas 
incorporating CCS is estimated at 0.04 g PO4-eq./kWh. 
Additionally, Solar PV has emerged to emit important EP 
evaluating between 0.03-0.33g PO4-eq./kWh. Nuclear and 
hydropower technologies are appraised at emitting an 
insufficient amount of 0.002 and the same with geothermal 
0.09g PO4-eq./kWh. 
 
H. Freshwater Aquatic Ecotoxicity Potential 
 
Figure 8. Freshwater Aquatic Ecotoxicity Potential [12, 
14, 16, 18, 20] 
I. Human Toxicity Potential 
 
Figure 9. Human Toxicity Potential [12, 13, 21, 22, 23,] 
 
J. Marine Aquatic Ecotoxicity Potential 
 
 
 
          
          
          
          
          
          
 
 
 
 
 
 
Figure 10. Marine Aquatic Ecotoxicity Potential [7, 8, 
14, 15, 21] 
 
K. Terrestrial Ecotoxicity Potential 
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Figure 11. Terrestrial Ecotoxicity Potential [2, 5, 6, 8, 9, 
10] 
 
About FAETP, HTP, TETP and MAETP, as presented in the 
figures (8, 9, 10, 11) both coal-fired power plant alongside oil 
based power plant rank at the first place with the above 
estimated emissions of around 18-317, 82-2536, 2-93 g DCB-
eq./kWh and 75-1877 kg DCBeq./kWh, correspondingly, 
generally owing to the treatment of heavy metals, and 
generation of nitrogen oxides as well as sulphur dioxide and 
particulate matter. Furthermore, the findings illustrated that 
coal-fired plant release into the environment an important 
amount of FAETP and HTP varying between 5- 111 and 58-
286g DCB-eq./kWh, correspondingly. The same case with 
biomass energy source and wind turbines, they also produce 
significant quantity of HTP and TETP of renewable energy 
source varying between 14- 245 and 0.6- 
9.4 g DCB-eq./kWh, individually. From biomass perspective, 
the emissions are mainly because of transportation and 
combustion of fuel phases, while regarding wind turbine the 
reason is owing to the manufacturing process of the plant. 
Moreover, the results demonstrated that wind, biomass and 
solar PV contribute also in polluting the ecosystem by 
emitting FAETP of about 10-43, 3-27 and 11-20 g DCB-
eq./kWh, separately. MAETP produced by solar PV is also 
important estimated at 46-220 kg DCBeq./kWh, producing 
throughout the manufacturing of the units. 
V. CONCLUSION 
This study aimed at presenting a synopsis of the major 
sustainability profiles regarding various forms of electricity 
producing sources. In this paper, we assessed the 
sustainability of 10 power production, including coal, gas, 
nuclear, wind, biomass, geothermal, solar thermal, solar 
Photovoltaic (PV), hydro, wave, on basis of 11 sustainability 
indicators, including initial investment cost, Levelised Cost 
of Electricity (LCOE), load factor, Global Warming Potential 
(GWP), Abiotic Depletion Potential (ADP), Acidification 
Potential (AD), Eutrophication potential (EP), 
Freshwater Aquatic Ecotoxicity Potential (FAETP), Human 
Toxicity Potential (HTP), Marine Aquatic Ecotoxicity 
Potential (MAETP), Terrestrial Ecotoxicity Potential 
(TETP). It should be noted that this assessment is conducted 
in the context of the South African electricity sector context. 
Additionally, is the first of its kind and aims to provide 
decision-makers a comprehensive outlook to navigate 
environmental and economic analysis. The results of the 
different analyses conducted indicate that fossil fuel 
electricity generating sources are the most-widely used 
alternative globally. Thus, they are considered as the main 
contributors of global warming or climate changes issues due 
to the magnitude and extent of GHG emissions generated 
during their operations. Thus, increasing the implementation 
of renewable energy sources, will assist to mitigate the issues 
surrounding the climate change and environmental 
deterioration. 
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